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Summary

The most dangerous and life-threatening manifestation of allergic diseases is
anaphylaxis, a condition in which the cardiovascular system is responsible for
the majority of clinical symptoms and for potentially fatal outcome. The heart
is both a source and a target of chemical mediators released during allergic
reactions. Mast cells are abundant in the human heart, where they are located
predominantly around the adventitia of large coronary arteries and in close
contact with the small intramural vessels. Cardiac mast cells can be activated
by a variety of stimuli including allergens, complement factors, general anes-
thetics and muscle relaxants. Mediators released from immunologically acti-
vated human heart mast cells strongly influence ventricular function, cardiac
rhythm and coronary artery tone. Histamine, cysteinyl leukotrienes and
platelet-activating factor (PAF) exert negative inotropic effects and induce
myocardial depression that contribute significantly to the pathogenesis of
anaphylactic shock. Moreover, cardiac mast cells release chymase and renin
that activates the angiotensin system locally, which further induces arteriolar
vasoconstriction. The number and density of cardiac mast cells is increased in
patients with ischaemic heart disease and dilated cardiomyopathies. This
observation may help explain why these conditions are major risk factors for
fatal anaphylaxis. A better understanding of the mechanisms involved in
cardiac mast cell activation may lead to an improvement in prevention and
treatment of systemic anaphylaxis.
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Introduction

The prevalence of allergic diseases has increased greatly over
recent decades. While recent data suggest that the trend of
prevalence, at least for asthma, may be reaching a plateau, the
number of patients with other allergic disorders such as
rhinitis, urticaria and food and drug allergy is expected to
continue to rise [1]. Anaphylaxis is the most dramatic clini-
cal presentation of allergy and is frequently a medical emer-
gency in both paediatric and adult patients [2]. Systemic
anaphylaxis is a relatively rare occurrence, with a lifetime
prevalence estimated at 0·05–2% [3]. According to recent
epidemiological data, the rate of fatal anaphylaxis ranges
from 2 to 20% of cases [4].

Systemic anaphylaxis is a typical example of cardiovascu-
lar involvement in allergic diseases. Cardiac and peripheral
vascular symptoms dominate the clinical picture and are
often the leading cause of death [5]. While the skin (urticaria
and angioedema) and the respiratory tract (laryngeal

oedema and bronchospasm) are the main organs involved in
the early stages of anaphylaxis, dysfunction of the central
and peripheral cardiovascular systems usually dictates the
outcome of anaphylactic events [6]. Cardiovascular manifes-
tations of anaphylaxis include hypotension and shock,
cardiac arrhythmias, ventricular dysfunction and cardiac
arrest [7]. While it was believed generally that coronary
arteries were not involved primarily in the haemodynamic
derangement associated with anaphylaxis, recent observa-
tions indicate that coronary blood flow can be impaired
during anaphylaxis and this may contribute significantly to
an unfavourable outcome [8,9]. A pre-existing coronary
artery disease is now considered to be a negative prognostic
factor of anaphylaxis [10]. In addition, acute ischaemic
events, including angina and myocardial infarction, are con-
sidered currently as part of the clinical picture of anaphylaxis
[11]. Major advances have been made in the last few years to
understand the pathophysiology of the anaphylactic reaction
and to provide better identification of risk factors. This
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review will focus upon recent clinical and experimental evi-
dence indicating the heart as a central organ of anaphylaxis.

Pathogenesis of anaphylaxis

Most anaphylactic reactions are due to the acute and massive
release of mediators from tissue mast cells and blood
basophils. In classic anaphylaxis, activation of mast cells and
basophils is mediated by the interaction of an allergen with
immunoglobulin E (IgE) bound to the high-affinity receptor
(FceRI) expressed on the cell surface [12]. Allergen-induced
clustering of IgE generates multiple intracellular signals
leading to the release of preformed and de novo synthesized
mediators [13]. Anaphylactoid reactions are clinically iden-
tical to anaphylactic reactions, the only difference being the
absence of demonstrable IgE against the eliciting allergen. In
this case, alternative mechanisms (non-IgE-mediated) of
mast cell and basophil activation have been proposed. Alter-
native immunological mechanisms include involvement of
immune complexes, immunoglobulins other than IgE
(IgG and IgM), platelets, T cells and macrophages [14,15].
Activation of the complement system or coagulation cascade
have also been shown to play a role in anaphylactoid
reactions [16].

The release of mast cell- and basophil-derived mediators
usually occurs within minutes. Both preformed (histamine,
tryptase, chymase, carboxypeptidase A) and de novo synthe-
sized lipid mediators [cysteinyl leukotriene C4, prostaglandin
D2, and platelet activating factor (PAF)] are secreted very
rapidly from mast cells and basophils activated either immu-
nologically or non-immunologically [13,17]. Cytokines such
as tumour necrosis factor (TNF)-a, interleukin (IL)-4, IL-6
and IL-13 are released hours after mast cell activation and
they are thought to have a role in biphasic or protracted
anaphylaxis [18].

The heart as a source of mediators of anaphylaxis

Mast cells are distributed widely within human organs and
tissues. These cells are particularly abundant at surfaces in
contact with the external environment such as the skin, the
lung and the gastrointestinal tract. However, several other
tissues contain mast cells, supporting a physiological role for
these cells. In the early 1990s the presence and functional
activities of human cardiac mast cells were examined
extensively. Mast cells in the human heart are located mainly
between myocardial fibres, around blood vessels and in the
arterial intima [19]. In particular, mast cells are often
detected in close contact with small intramural coronary
arteries as well as in the wall of large epicardial vessels.
Cardiac mast cells have a full capacity to respond to IgE-
mediated stimuli releasing large quantities of mediators
[12,19]. In addition, cardiac mast cells differ from mast cells
isolated from other tissues, such as the lung and the skin,
in their ability to be activated by other stimuli such as

anaphylatoxins (C3a and C5a), substance P and eosinophilic
cationic proteins [19]. Interestingly, these mast cells can also
be activated by certain muscle relaxants and radiocontrast
media, which may be particularly relevant to anaphylaxis
occurring during general anaesthesia or radiodiagnostic
procedures [20]. Activated mast cells in the human heart
release the full set of mediators released by mast cells from
other tissues [21]. However, they release unusually large
quantities of chymase compared to lung or skin mast cells
[19]. In addition, recent data demonstrate that cardiac mast
cells contain and release, upon immunological activation or
during myocardial ischaemia, significant quantities of renin
[22]. According to these studies, renin released from cardiac
mast cells initiates activation of the local (cardiac) renin–
angiotensin system (RAS). Angiotensin I, generated by mast
cell-derived renin, is then converted to angiotensin II by the
interstitial angiotensin-converting enzyme (ACE). It is inter-
esting to note that chymase has a potent ACE activity and is
able to convert angiotensin I into angiotensin II even when
ACE is blocked by ACE inhibitors [23]. Angiotensin II acti-
vates AT1 receptors expressed on sympathetic nerve endings
and promotes local secretion of noradrenaline [23]. These
observations suggest that mast cells play an important role in
the activation of cardiac RAS with the consequent stimula-
tion of the adrenergic system. Adrenergic hyperactivity may
be responsible, at least in part, for cardiac arrhythmias, myo-
cardial infarction and sudden cardiac death associated with
anaphylaxis.

Studies performed with human hearts obtained from
recipients of transplants have shown clearly that cardiac
tissue from patients with ischaemic or dilated cardiomyopa-
thies contains a significantly larger number of mast cells
compared to hearts from normal individuals who have died
accidentally [24]. Consequently, the cardiac tissue from
patients with heart diseases contains and releases larger
quantities of mast cell-derived mediators upon immuno-
logical and non-immunological activation [24]. These
observations may contribute to explaining why cardiac
manifestations of anaphylaxis are more severe in patients
with ischaemic or degenerative heart diseases.

Cardiovascular effects of histamine

Early studies from Endou and Levi [25] showed that large
quantities of histamine were released from the heart during
anaphylaxis and that this mediator exerted major cardiovas-
cular effects in the guinea pig. Vigorito et al. [26] first
showed that intracoronary injection of low doses of hista-
mine in humans induced a rapid decrease in the mean aortic
pressure and an increase in coronary blood flow. These
effects are due mainly to the activation of H1 receptors
expressed on vascular smooth muscle. Furthermore, in
healthy individuals, histamine may induce arrhythmias and
atrioventricular conduction blocks. In a subset of patients
with coronary artery disease, intravenous injection of
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histamine caused a decrease in coronary blood flow and, in
some cases, severe spasm of large coronary arteries [27]. It
has been shown recently that histamine induces tissue factor
expression and function in human endothelial cells and vas-
cular smooth muscle cells [28]. Tissue factor activates factor
X, which leads in turn to thrombin formation. These data
indicate that histamine is mainly responsible for hypo-
tension and tachycardia secondary to the release of cate-
cholamines associated with anaphylaxis. However, these
observations suggest that histamine may be involved in
arrhythmias and ischaemic changes that can also be a cause
of death in anaphylaxis.

Cardiovascular effects of eicosanoids

Lipid mediators derived from arachidonic acid are referred
to collectively as eicosanoids and include prostaglandins,
thromboxanes and leukotrienes. Human heart mast cells are
a major source of cysteinyl leukotriene C4 (LTC4) and pros-
taglandin D2 (PGD2) [19]. Cardiovascular effects of LTC4 and
its metabolite LTD4 in man were studied in the late 1980s.
Intravenous or intracoronary infusion of LTD4 causes a rapid
and sustained increase in coronary vascular resistance
[29,30]. This effect of leukotrienes is due mainly to a marked
constriction of small intramural coronary vessels [29]. Coro-
nary smooth muscle cells express both the CysLT1 and
CysLT2 receptors and it is not known currently whether coro-
nary constriction is mediated by one or both receptors. The
cardiovascular effects of PGD2 in humans are not known;
however, studies in experimental animals indicate that this
eicosanoid induces coronary constriction and arrhythmias
in isolated perfused hearts [31].

Thus, current evidence suggest that eicosanoids may influ-
ence the contractile function of the heart profoundly by
reducing myocardial perfusion. This negative effect may
contribute to myocardial depression and impaired ventricu-
lar function, which are the main haemodynamic events of
anaphylactic shock.

Cardiovascular effects of PAF

PAF was identified initially as a lipid mediator of anaphylaxis
which was able to induce aggregation and release of media-
tors, particularly thromboxanes and serotonin, from human
platelets [32,33]. PAF in the heart can be released not only by
mast cells but also by basophils, neutrophils, eosinophils and
tissue macrophages [33,34]. Studies in experimental animals
have demonstrated convincingly that PAF influences several
myocardial functions. In particular, PAF causes a severe
reduction of coronary blood flow and a significant depres-
sion of myocardial contractility [35]. This mediator has a
direct arrhythmogenic effect due to its capacity to interact
with ionic channels on myocardiocytes [35]. In addition to
these haemodynamic effects, PAF promotes the recruitment
and activation of neutrophils and eosinophils within the

cardiac tissue [36]. More importantly, PAF, generated by
mast cells infiltrating the atherosclerotic plaque, may con-
tribute to its instability and rupture by inducing local platelet
aggregation and release of lytic enzymes by macrophages
[37]. PAF released within systemic circulation induces
peripheral vasodilation with relative hypovolaemia and
severe hypotension [36]. In addition, PAF-induced platelet
activation is a major cause of disseminated intravascular
coagulation (DIC), associated frequently with fatal anaphy-
laxis [38]. Taken together, these observations suggest that
PAF is a mediator capable of reproducing most, if not all,
haemodynamic dysfunctions of severe anaphylaxis. It is
important to note that the majority of cardiovascular effects
of PAF are evident at picomolar concentrations, which indi-
cates that the circulating levels of this potentially harmful
mediator need to be controlled tightly. Inactivation of PAF is
carried out mainly by acetyl hydrolase, an enzyme present in
large quantities in plasma and associated with low-density
lipoproteins (LDL) [39,40]. It has been shown that genetic
deficiency of acetyl hydrolase is associated with severe
asthma, early atherosclerosis and susceptibility to septic
shock [39]. Interestingly, patients with systemic anaphylaxis
have elevated plasma levels of PAF that correlate significantly
with the severity of anaphylaxis [41]. Moreover, patients
with food-induced fatal anaphylaxis have reduced plasma
acetyl hydrolase activity compared to those with non-fatal
anaphylaxis or normal individuals [41]. These observations
support strongly a primary role of PAF in the cardiovascular
manifestations of anaphylaxis and suggest that a deficiency
in the enzymatic system involved in PAF degradation may be
a risk factor for severe anaphylaxis.

Concluding remarks

Anaphylaxis is a life-threatening event in which prominent
cardiovascular dysfunction is caused by mediators released
locally from cardiac mast cells (Fig. 1). Both preformed and
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Fig. 1. Schematic representation of the cardiovascular effects of

mediators released from cardiac mast cells.
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de novo synthesized mediators concur to produce deleterious
effects on heart function that, when added to those exerted
on peripheral circulation, result in a rapid and dramatic
deterioration of the clinical picture. In the last few years our
understanding of cells and mediators involved in anaphy-
laxis has advanced greatly. An emerging concept is that
anaphylaxis and myocardial ischaemia are much more con-
nected than thought previously. Anaphylaxis is more severe
and can be more frequently fatal in patients with coronary
artery disease for at least three mechanisms: (i) mast cells are
more abundant and produce more mediators in hearts with
ischaemic cardiomyopathy; (ii) atherosclerotic lesions make
coronary arteries more susceptible to the effects of mast cell-
and basophil-derived mediators; and (iii) drugs used fre-
quently by patients with ischaemic heart disease, such as
beta-blockers and ACE inhibitors, may aggravate symptoms
or limit efficacy of treatment of anaphylaxis. On the other
hand, anaphylaxis can be an event precipitating an acute
myocardial ischaemia. Anaphylactic reactions presenting as
acute angina or myocardial infarction are being reported
increasingly [11]. The coincidental occurrence of chest pain
and allergic reaction, accompanied by the typical electrocar-
diographic and laboratory findings of myocardial ischaemia,
is referred to today as Kounis syndrome and is attributed to
an acute coronary spasm or plaque rupture induced by
mediators of allergic inflammation [42]. Further studies are
necessary to define the mechanisms of allergy-induced myo-
cardial dysfunction, but they will probably provide major
improvements in the assessment of risk factors and in the
treatment of anaphylaxis.
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